There is an increasing understanding that variation in gene presence-absence plays an important role in the heritability of agronomic traits; however, there have been relatively few studies on variation in gene presence-absence in crop species. Hexaploid wheat is one of the most important food crops in the world and intensive breeding has reduced the genetic diversity of elite cultivars. Major efforts have produced draft genome assemblies for the cultivar Chinese Spring, but it is unknown how well this represents the genome diversity found in current modern elite cultivars. In this study we build an improved reference for Chinese Spring and explore gene diversity across 18 wheat cultivars. We predict a pangenome size of 140 500 AE 102 genes, a core genome of 81 070 AE 1631 genes and an average of 128 656 genes in each cultivar. Functional annotation of the variable gene set suggests that it is enriched for genes that may be associated with important agronomic traits. In addition to variation in gene presence, more than 36 million intervarietal single nucleotide polymorphisms were identified across the pangenome. This study of the wheat pangenome provides insight into genome diversity in elite wheat as a basis for genomics-based improvement of this important crop. A wheat pangenome, GBrowse, is available at
INTRODUCTION
Wheat is one of the most important food crops in the world, and its continued improvement is essential to maintain food security in the face of a growing human population and the disturbance of agricultural production due to climate change (Abberton et al., 2015; Batley and Edwards, 2016) . Wheat was domesticated 8000-10 000 years ago (Dubcovsky and Dvorak, 2007) , and today bread wheat (Triticum aestivum) provides roughly a fifth of the world's food. Genome analysis in bread wheat is a challenge because of its large (17 Gbp) genome, consisting of between 80 and 90% repetitive sequence (Wanjugi et al., 2009; Saf a r et al., 2010) . Bread wheat is also hexaploid, being derived from a combination of three diploid donor species which are proposed to have diverged from an ancestral diploid species between 2.5 and 6 million years ago (Huang et al., 2002; Chantret et al., 2005) . There have been several efforts to sequence the genome of hexaploid bread wheat. The de novo assembly of sequence data from flow-sorted chromosome arms was initially performed for 7DS, demonstrating that it was possible to assemble all known 7DS genes (Berkman et al., 2011) . The same approach delimited a translocation between chromosome arms 7BS and 4AL , with a subsequent comparison of all group 7 chromosomes, highlighting genomic changes during the early evolution and domestication of this important crop (Berkman et al., 2013) . The application of a similar approach towards all chromosome arms with the exception of 3B (IWGSC, 2014) , together with a whole-genome assembly of Roche 454 sequence data (Brenchley et al., 2012) , provided the first draft genome assemblies for the wheat cultivar Chinese Spring. Two additional cultivars, OpataM85 and W7984, have undergone whole-genome shotgun sequencing using Illumina data, and although gene presence comparisons were performed using cDNA mapping, these assemblies were not annotated (Chapman et al., 2015) , limiting their use for pangenome analysis. With the exception of Chapman et al. (2015) , each of these studies has focused on the cultivar Chinese Spring.
Crop breeding increasingly benefits from the application of molecular tools such as marker-assisted selection (MAS), and more recently genomic selection (GS), and the increasing availability of genomic information supports these advanced breeding tools (Poland et al., 2012; Crossa et al., 2014; Simeao Resende et al., 2014; Cros et al., 2015; Sallam et al., 2015) . Modern molecular breeding tools apply single nucleotide polymorphism (SNP) molecular genetic markers, and numerous studies have discovered and validated large numbers of SNP markers across the wheat genome (Lai et al., 2012 (Lai et al., , 2015 Wang et al., 2014; Winfield et al., 2015) . SNPs have been used to find genes that are undergoing selective sweeps and population bottlenecks (Cavanagh et al., 2013) , and have also been used to map low-diversity regions which could have been targets of selection (Lai et al., 2015) .
The decreasing cost of DNA sequencing has accelerated genomics research in recent years Visendi et al., 2013) . Most sequencing projects focus on reference genome assembly and the discovery of SNPs; however, the importance of structural variants is becoming increasingly acknowledged (Saxena et al., 2014; Jordan et al., 2015; Wendel et al., 2016) . Studies in several plant species have revealed the existence of extensive structural variation (Springer et al., 2009; Xu et al., 2012; Gordon et al., 2014; Li et al., 2014; Zhang et al., 2014; Jordan et al., 2015; Hardigan et al., 2016) . One form of structural variation, the presence or absence of genes or genomic regions between individuals of the same species, is being increasingly acknowledged as an important form of variation in plants, and the sum of core and variable regions of the genome for a species is known as the pangenome.
Several approaches to pangenome assembly and analysis have been developed (Golicz et al., 2015a) . The traditional approach, first applied in bacteria, involves whole-genome assembly of all genotypes, followed by individual annotation and comparison of the gene content (Tettelin et al., 2005; Li et al., 2014; Schatz et al., 2014 ). An alternative is a read mapping and assembly approach, where sequence reads are first mapped to an existing reference and the unmapped reads are then assembled (Golicz et al., 2015a (Golicz et al., , 2016 Yao et al., 2015) .
The first step towards the production of a pangenome for a crop species is the production of a suitable reference assembly, followed by the expansion of this reference with additional sequences from other varieties that are not present in the reference. In this study we have reassembled a draft Chinese Spring wheat genome reference and used this as the basis for a pangenome study, identifying core and variable genes across 18 cultivars, 16 of which were selected by a large Australian national initiative (Edwards et al., 2012) with the remaining two being the only other public whole-genome data sets available of sufficient sequencing depth. We have also identified 36.4 million SNPs between these 18 cultivars. The Chinese Spring reference is different in gene content from the 18 cultivars, suggesting that this pangenome and the associated SNPs may provide a better reference for wheat crop improvement than the current Chinese Spring references.
RESULTS AND DISCUSSION

Wheat (cv. Chinese Spring) genome assembly
An assessment of the sequence duplication in the IWGSC draft Chinese Spring assembly (IWGSC, 2014) showed that 663 Mb (7%) of the assembly consisted of exact duplications greater than 1 kb, with more than 40% of chromosome arms 4AS and 4AL being duplicated ( Figure S1 , Table S6 in the Supporting Information). Following reassembly, producing 10.7 Gb of new reference, these duplications were reduced to of 0.4 Mb (0.004%). The high frequency of duplicated regions in the IWGSC assembly ( Figure S1 , Table S6 ) may be an artefact of using the parallelized de Bruijn graph assembler ABySS (Simpson et al., 2009 ) as they were not observed in the previous assemblies of group 7 data (Berkman et al., 2011 (Berkman et al., , 2013 which used the non-parallel de Bruijn graph assembler Velvet (Zerbino and Birney, 2008) .
A reassembly of the IWGSC data in this study using Velvet produced a reference with a larger assembly size and greatly reduced frequency of duplicated regions (Figure S1, Table S6 ) compared with the published draft genome (IWGSC, 2014) . CEGMA analysis (Parra et al., 2009) was performed to assess the completeness of the assembly, and it identified 245 (98.8%) of the 248 core eukaryotic genes compared with 243 genes identified in the IWGSC assembly.
Pangenome assembly
Whole-genome sequence reads from 18 wheat cultivars were mapped to the new Chinese Spring assembly, and unmapped reads assembled. The sequencing depth ranged from 8.49 to 20.09, except for Chinese Spring which had a coverage that ranged from 609 to 2009 for each of the chromosome arms. (Table S5 ). After removal of contaminant sequences, the newly assembled sequence contained 221 991 scaffolds with a total length of 350 Mb (Table S1 ) and a total of 21 653 predicted genes. Mapping of Chinese Spring sequence reads to the pangenome demonstrated that this sequence was not present in the Chinese Spring reference and represents a 3.3% increase in the size of the wheat reference genome. A similar approach was used by Yao et al. (2015) with 1483 rice accessions from the japonica and indica groups, where they assembled 15.8 Mb and 24.6 Mb of additional sequence for each subspecies, respectively, representing an increase of 4 and 6% in genome size. Similarly, local reassembly in Brachypodium distachyon identified 19.2 Mb of additional sequence in seven highly diverse inbred lines, a 5% increase in the size of the reference genome. Golicz et al. (2016) characterized the pangenome of Brassica oleracea using nine diverse morphotypes, and assembled an additional 99 Mbp of sequence. The relatively small increase in pangenome assembly size we observe reflects the high degree of relatedness of the cultivars sequenced (Lai et al., 2015) . The additional sequence identified in this study is likely to be an underestimate of the total sequence content present in the cultivars, as sequences present in only one or two of the cultivars are unlikely to have sufficient coverage to assemble, as IDBA-UD has 81% assembly efficiency for samples with a sequencing depth of 109 (Peng et al., 2012) .
Discovery of gene presence-absence
The presence or absence of each gene was predicted for each cultivar based on the mapping of reads from each cultivar to the new pangenome assembly (Table S2 ). The approach followed the method of Golicz et al. (2016) which demonstrates a 0.05% error rate using 109 read coverage. Based on Chinese Spring read mapping to the pangenome, none of the additional genes identified in the 18 cultivars were identified as present in Chinese Spring. On average, each cultivar contains 128 656 genes, with 89 795 (64.3%) shared by all 19 cultivars, while 49 952 genes represent the variable genome across these cultivars. Based on gene presence and absence in each of the 18 cultivars we estimate that the pangenome of modern wheat cultivars contains 140 500 AE 102 genes (Figure 1) , with an average of 49 unique genes per cultivar. This is similar to the 37 unique genes per cultivar identified in a similar study in B. oleracea (Golicz et al., 2016) This is likely to be an underestimate of the broader wheat pangenome as it is predicted from a relatively narrow set of cultivars, and extending the study to more diverse landraces and wild relatives will provide a more comprehensive measure of the gene content of this important crop species. In addition, further analysis is required to determine the source of the origin of the variable sequence.
Characterization of Chinese Spring gene content identified 245 genes in Chinese Spring which are absent from the 18 cultivars, while a further 12 150 genes were identified in all 18 cultivars but are not found in Chinese Spring (Table S2) . A dendrogram reconstructed using gene presence-absence variation places Chinese Spring in a separate cluster at the base of the tree (Figure 2 ). This is similar to a previous study using simple sequence repeat markers where Chinese Spring was placed in the basal node away from most modern wheat cultivars (Plaschke et al., 1995) . Our results can also be explained by the history of Chinese Spring, which despite being a major source of cytogenetic stocks used in the discovery of the seven homoeologous chromosome groups and in early gene mapping efforts (Sears, 1966; Sharp et al., 1988) , and more recently in genome sequencing (IWGSC, 2014), is not widely used in breeding programmes due to its susceptibility to biotic and abiotic stress (Sears and Miller, 1985) . Our identification of Chinese Spring as a genomic outlier with substantial sequence difference from current varieties is supported by recent paper by Liu et al. (2016) , which shows that as much as 159.3 Mb of additional sequence is present in chromosome 3B of CRNIL1A and absent in Chinese Spring. The modelling of the pangenome expansion predicts a closed pangenome with a total of around 140 000 genes. The core genome is predicted to contain around 81 000 of these genes.
Variable genes were annotated, and functional enrichment analysis suggests that the variable genome is enriched with genes involved in response to environmental stress and defence response (Figure 3 , Table S3 ). Similarly, Yao et al. (2015) found that the variable genome of rice was enriched with genes related to defence to biotic stress, including NBS LRR genes and genes coding for protein kinases and abiotic stress tolerance (Yao et al., 2015) . Analysis of the B. oleracea pangenome by (2016) also found that variable genes were enriched for annotated genes related to major agronomic traits, including disease resistance. Table S3 ). [Colour figure can be viewed at wileyonlinelibrary.com].
SNP discovery
The capture and characterization of diversity are essential in the design and execution of breeding programmes. We have previously identified more than 4 million SNPs on the group 7 Chinese Spring chromosomes with a validation rate of 95% (Lai et al., 2015) . Using the same method, whole-genome shotgun reads from the 18 wheat cultivars were mapped to the pangenome assembly and SNPs were identified using SGSautoSNP (Lorenc et al., 2012) , leading to the identification of 36.4 million SNPs. Of these, 2.87 million were identified in scaffolds not present in the Chinese Spring assembly. The SGSautoSNP calls were compared with SNPs from a published Infinium array (Wang et al., 2014) . A total of 13 541 Infinium SNPs were identified as being at the same location as the SGSautoSNP calls. Of these, 96.3% were identified as polymorphic. This is similar to the validation rate observed by Lai et al. (2015) using the same approach. The majority of SNPs were found in intergenic regions, with only 392 142 (1%) SNPs located in coding regions. Of these 225 064 (57.4%) are predicted to be non-synonymous, resulting in a potentially different functional protein. These results are comparable to those obtained by Jordan et al. (2015) , who found that 52.3% of the SNPs were non-synonymous (Jordan et al., 2015) . The dataset represents the most comprehensive SNP resource available for the improvement of elite bread wheat cultivars.
CONCLUSION
In this study, we constructed and analysed a draft wheat pangenome using a single reference and whole-genome sequencing data from 18 cultivars. The pangenome contains 128 656 predicted genes of which 64.3% are identified as core, which is present in all cultivars, while the remainder are variable and display presence-absence variation. Additionally, 12 150 genes are absent in the Chinese Spring reference sequence but present in all the other cultivars analysed. The pangenome sequence is a valuable resource for scientists involved in wheat genomics and breeding as understanding the diversity of genes is essential for their association with agronomic traits. Extending the genome reference and SNP content to regions which are not present in Chinese Spring provides a more complete resource for genomics-based improvement of wheat crops.
EXPERIMENTAL PROCEDURES Genome assembly and annotation
Sequence data were downloaded from various repositories as described in Table S4 . Clonal reads were removed using an inhouse script (remove_clones.pl). Quality trimming and adapter clipping were performed using TRIMMOMATIC v.0.33 (Bolger et al., 2014) , and sequences shorter than 73 bp were removed. VELVET v.1.2.10 (Zerbino and Birney, 2008) was used for assembly using a kmer size of 71. RNA-seq reads were aligned to the reference genome using TOPHAT2 v.2.1.0.1 (Kim et al., 2013) . Accepted alignments were transformed into hints files with the script bam2hints from the AUGUSTUS package.
REPEATMASKER (Smit et al., 2015) was used to mask repeated regions using RepBase version 20150807 (Jurka et al., 2005) and 'viridiplantae' as species. AUGUSTUS v.2.1.0 (Keller et al., 2011) predicted gene models using the hints produced from the RNA-seq alignments. Gene models were first filtered for size (≥300 bp). BED-OPS v.2.4.15 (Neph et al., 2012) was used to identify and remove gene models that were not supported by TOPHAT2 annotation or overlapped repeat-masked regions. Finally, the protein sequences of the selected models were aligned to TE-related proteins with BLASTP and those with significant alignments (E-value ≤ 1 9 10 À5 ) were removed from the annotation. The protein sequences of the final gene set were aligned to the proteome of Triticum uratrtu to identify and merge split genes.
CEGMA (Parra et al., 2009 ) was used to assess the completeness of the reference genome prior to annotation with default parameters.
Pangenome assembly and annotation
Reads from the 16 wheat cultivars were mapped to the new Chinese Spring assembly using BOWTIE2 v.2.2.5, and unmapped reads pooled. The sequencing depth per cultivar is shown in Table S5 . TRIMMOMATIC v.0.33 removed adapter and low-quality sequence and the reads were assembled using IDBA_UD (Peng et al., 2012) with standard parameters. The resulting scaffolds were compared with the NCBI non-redundant nucleotide database using BLASTn (E-value ≤ 1 9 10
À5
) and the scaffolds with hits outside the seed plants taxonomy group were removed. REPEATMASKER v.4.0.6 masked repetitive elements using 'viridiplantae' as the species. Then, tBLASTx (Camacho et al., 2009 ) was used to align the green plant expressed sequence tags (ESTs) from GenBank, and genes were predicted using AUGUSTUS v.2.1.0, supported by the EST alignments. The reads from W7984, OataM85 and 90 doubled haploid offspring were mapped to the full pangenome assembly and unmapped reads were processed and assembled as described above. Libraries with a mapping efficiency below 80% were not included for further analysis.
Gene presence-absence and pangenome prediction BOWTIE2 v.2.2.5 was used to align the reads with standard parameters and an insert size between 0 and 1000 bp. Gene presenceabsence was called as described by Golicz et al. (2015b) . SAM-TOOLS was used to calculate the coverage of the annotated genes, and an in-house script (pileup2cov.pl) predicted the presence-absence status of each gene based on the following requirements: coverage >29 and exon fraction covered >0.05. PV-CLUST (Suzuki and Shimodaira, 2006) was used with the presence-absence binary matrix to estimate the relationship between the cultivars. One thousand resamplings were used for bootstrap calculations.
The program PANGP was used to count the core and total genes present in all possible combinations of the 19 cultivars. The average resulting gene count from each iteration was plotted and used to model the wheat pangenome expansion using a power-law model (f(x) = Ax B + C) (Tettelin et al., 2005) by means of the R nls function. Assuming a closed pangenome, the C parameter was used as an estimator of the total gene content in the pangenome. The same approach was used to estimate the core genome, using the average gene count to fit the model f (x) = Ae Bx + C.
Reads were mapped to the pangenome using BOWTIE2 v.2.2.5 (-nomixed -no-unal -I 0 -X 1000) (Langmead and Salzberg, 2012) .
Reads with mapping quality (MAPQ) < 20 and with low base qualities were removed from the alignments along with their mates. SAM files were further processed and duplicated reads removed with SAMTOOLS v.1.3.1 (Li et al., 2009) . SGSAUTOSNP (Lorenc et al., 2012) was used to identify SNPs. SNPs were validated as described in Lai et al. (2015) . SNPEFF v.4.2 (Cingolani et al., 2012) was used to predict the effect of the SNPs on the gene annotations.
SNP validation
The sequence tags from the 90k SNP Infinium array (Wang et al., 2014) were aligned to the reference wheat pangenome using NCBI BLAST Plus (Camacho et al., 2009) . High-quality alignments (Ethreshold <1 9 10 À10 and ≥99% sequence identity) where used to identify common polymorphic SNPs as described in Lai et al. (2015) .
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